[1] We report on laboratory experiments designed to illuminate grain-scale deformation mechanisms within fault gouge. We vary particle size distribution, grain and surface roughness, and gouge layer thickness to better understand how grain sliding, rolling, dilation, and compaction affect the strength and stability of granular fault gouge. The experiments employed the double direct shear testing geometry and were run at room temperature, controlled humidity, and shearing rates from 0.1 to 3000 mm/s. Experiments were carried out under constant normal stress of 5 and 10 MPa and thus within a nonfracture loading regime where sliding friction for smooth, spherical particles is measurably lower than for rough, angular particles. We compare results from shear between smooth boundaries, where we hypothesize that grain boundary sliding is the dominant deformation mechanism, and roughened surfaces, where rolling and granular dilation contribute to shear deformation. We find that particle angularity and bounding surface roughness increase the frictional strength within sheared layers, indicating differences in particle reorganization due to these factors. In gouge material composed of <30% angular grains we observe repetitive stick-slip sliding where stress drop decreases while preinstability creep increases with increasing gouge layer thickness. Our data show significant differences in stick-slip characteristics as a function of gouge layer thickness and particle size, which we interpret in terms of the mechanics of grain bridges that support forces on the layers. We suggest that force chains exhibit qualitative differences as a function of grain angularity and bounding surface roughness.
Introduction
[2] Natural faults produce granular wear material continuously as a function of shear and grinding between the slipping surfaces. The wear material, known as fault gouge, varies in mineral composition, particle size, and thickness depending on the geologic setting and factors that determine the balance between the wear/disaggregation rate and the lithification/consolidation rate. In general, the fault zone frictional properties are governed by material properties and structure of the gouge zone, including fabric development and degree of shear localization. The characteristics of fault gouge have been studied extensively in the field, laboratory, and numerical simulations in order to gain a better understanding of fault mechanics [e.g., Engelder, 1974; Chester and Logan, 1986; Reches, 1988; Biegel et al., 1989; Marone and Scholz, 1989; Scott et al., 1994; Evans and Chester, 1995; Chester and Chester, 1998; Place, 1998, 1999; Morgan and Boettcher, 1999; Morgan, 1999; Aharonov and Sparks, 1999; Katz et al., 2003] ; however, there are still many unanswered questions about the role that gouge material plays in determining fault strength and stability.
[3] Generally, as active faults accumulate slip, gouge zones thicken and shear localizes along microstructures within the gouge layer [e.g., Scholz, 1987; Marone, 1998 ]. The gouge material and surface roughness of the country rock can affect the degree of localization within shear zones [Mühlhaus and Vardoulakis, 1987; Biegel et al., 1989 Biegel et al., , 1992 Marone et al., 1992; Sammis and Steacy, 1994; Scott et al., 1994] . Although shear fabrics have been well documented in the field and produced in the laboratory [Logan et al., 1979; Sammis et al., 1986; Marone and Scholz, 1989; An and Sammis, 1994; Beeler et al., 1996; Chester and Chester, 1998; Mair and Marone, 1999; Mair et al., 2002] , the effects of grain characteristics and bounding surface roughness on the development of shear zones are not well understood. Granular material can accommodate strain through grain communition, dilation, compaction, sliding, rotating, and/or rolling. Previous work has shown that shear localization increases with displacement for both rough and smooth bounding surfaces [Marone et al., 1992; Sammis and Steacy, 1994] . We compare results from shear between smooth boundaries, where we hypothesize that grain boundary sliding is the dominant deformation mechanism, and roughened surfaces, where shear undergoes a transition from pervasive to progressively localized shear as a function of increasing net strain. We also examine the effects of grain angularity on the frictional strength of sheared layers. Mair et al. [2002] show that the presence of angular grains not only increases friction in shear zones but also promotes stable sliding. Other studies in granular mechanics also find that particle shape and bounding surface roughness influence the behavior and strength of granular media [Jensen et al., 1999; Mueth et al., 2000; Albert et al., 2001; Nouguier-Lehon et al., 2003] .
[4] In our experiments we observe both stable sliding and repetitive stick-slip behavior. Unstable stick-slip behavior has been observed in both rock-on-rock and granular gouge friction experiments [e.g., Engelder et al., 1975; Dieterich, 1978; Tullis, 1988; Wong and Zhao, 1990; Berman et al., 1996; Karner and Marone, 2000; Mair et al., 2002] . Gouge material that slides unstably is thought to deform by the continuous development and failure of force chains [Biegel et al., 1989; Sammis and Steacy, 1994; Cates et al., 1998; Morgan and Boettcher, 1999; Mair et al., 2002] .
[5] The purpose of this paper is to investigate how fault surface roughness and gouge particle characteristics such as shape, roughness, and size affect the frictional strength, Figure 1 . Diagram of double direct shear sample configuration. Granular gouge layers (2 -8 mm thick) are driven between roughened or smooth steel blocks. Nominal frictional contact area is 10 Â 10 cm 2 . Normal stress is applied horizontally as the center block is driven down between the two stationary side blocks, which are supported from below, to create frictional shear and slip within the gouge layer. 
Experiment Procedure
[6] All laboratory experiments were performed using a servohydraulic double direct shear testing apparatus. This assembly includes three rigid forcing blocks with two gouge layers sandwiched between rough or smooth surfaces of the blocks (Figure 1 ). The blocks are held in place by applying a constant horizontal normal force that is maintained by a servo-controlled load feedback mechanism (with a 0.1 kN resolution). The center block is forced between the two stationary side blocks by a servo-controlled ram at a constant displacement rate (with 0.1 -mm resolution). The position and applied force of each ram are recorded continuously at 10 kHz and averaged to sampling rates between 1 and 1000 Hz.
Bounding Surfaces
[7] The rigid forcing blocks are constructed from hardened steel with side blocks of dimensions 10 Â 10 Â 2 cm 3 and a center block of dimensions 10 Â 15 Â 3 cm 3 . A constant contact area of 10 Â 10 cm 2 is maintained throughout the experiment. Roughened surfaces were triangular grooves 0.8 mm deep and 1 mm wavelength that were cut perpendicular to the shear direction. These promote a transition from distributed, pervasive shear to progressively localized shear as a function of increasing net strain. Smooth surfaces were mirror-finished hardened steel and were used to promote and isolate grain boundary sliding.
Gouge Composition
[8] A leveling jig was used to construct gouge layers ranging from 2 to 8 mm thick, consisting of smooth glass beads, rough sand particles, or mixtures of both (Table 1) . The precision glass spheres ( Figure 2a) were purchased from Mo-Sci Corporation, Rolla, Missouri. We report on particle sizes that range from 53 to 597 mm in diameter. The soda-lime glass beads have been studied previously in friction experiments [Frye and Marone, 2002a; Mair et al., 2002] . The rough sand grains (Figure 2c) Mair et al. [2002] , and Frye and Marone [2002b] . Gouge layer mixtures of glass beads and angular sand ( Figure 2b ) were measured by percent weight.
[9] We studied several grain size ranges of spherical glass beads as well as varying gouge layer thicknesses to determine their effects on stick-slip instability (Table 1) . Several experiments focused on a narrow particle size range of 47 mm (±4 mm) at a constant layer thickness. In others, we varied the thickness of layers composed of a single grain size range to systematically focus on the number of grains across the layer.
Experiment Conditions
[10] We conducted experiments at normal stresses of 5 and 10 MPa, a nonfracture loading regime where sliding friction for smooth spherical particles is measurably lower than for rough angular particles [Mair et al., 2002] . The layers were sheared at loading rates between 0.1 and 3000 mm/s at room temperature and under controlled humidity (Table 1) . For controlled humidity runs, gouge particles were baked for 1 hour at 100°C to remove moisture. Then once the sample was quickly constructed, it was enclosed in a plastic membrane along with a . Shear stress data taken from sections of experimental data where the loading rate is 10 mm/s. Here s n = 10 MPa. Frictional strength increases with increasing abundance of angular grains. There is a transition from unstable, stick-slip behavior (0% and 10% angular grains) to stable sliding (30% angular grains and above). desiccant and hygrometer. Samples were placed in the controlled humidity membrane 12 hours prior to testing to allow equilibration at the target humidity.
Data and Observations
[11] Layers were sheared using a computer-controlled displacement history. In general, shear stress increased to a peak value followed by a brief interval of weakening before reaching a steady state frictional level ( Figure 3 ). After initial loading at constant driving velocity, we ran velocity step tests to assess second-order changes in frictional properties of the granular layers. The loading history included an initial rate of 30 mm/s followed by step changes to 6, 10, 0.1, 1, 3, 100, and 300 mm/s, respectively, for a total displacement of 12.6 mm ( Figure 3 ). The loading history was identical for all experiments except those at higher velocities (600, 1000, and 3000 mm/s), which incorporated an additional 6.2 mm of displacement, for a total of 18.8 mm.
[12] After the initial strength transient associated with loading, sliding friction reached a steady state level that varied slightly with loading rate. The drops in shear stress, seen at 6.4 mm and 8.2 mm displacement, were produced by brief periods in which we stopped loading (the vertical ram was stopped) in order to reset the displacement transducer and computer control files.
Effect of Surface Roughness and Grain Angularity
[13] Frictional strength varies systematically with surface roughness and gouge particle angularity (Figures 3 and 4) . We compare the frictional strength and stability of angular and spherical particles that are sheared between smooth bounding surfaces and rough bounding surfaces. Friction for shear between smooth surfaces (m $ 0.12 and 0.35 for spherical and angular particles, respectively) is notably lower than rough surfaces (m $ 0.45 and 0.57 for spherical and angular particles, respectively) ( Figure 3 ). There is a strain-hardening trend for both spherical and angular grains sheared between smooth surfaces. For both smooth and rough surfaces the coefficient of friction increases systematically as the percentage of angular particles increases (Figure 4 ). In addition, gouge sheared between smooth surfaces always exhibits stable sliding whereas spherical particles sheared between rough surfaces exhibit unstable, stick-slip behavior (Figure 3a [14] We measured peak shear stress in each experiment and found that it increased with the mean angularity of gouge particles (Figures 5 and 6 ). Figure 5 shows shear stress plotted from sections of experimental data where the loading velocity is 10 mm/s. Each of the five lines corresponds to a given mean gouge angularity. Gouge layers that contain a higher percentage of angular grains have higher frictional strength. There is also a progression from unstable, stick-slip behavior (in gouge consisting primarily of smooth, spherical particles) to stable sliding (in gouge that consists of ! 30% angular grains). Frictional strength is affected by particle angularity and the roughness of the bounding surfaces, and shear strength is relatively insensitive to loading velocity over the range 0.1 -3000 mm/s (Figures 6a and 6c) . Figures 6b and 6d show that the coefficient of friction increases linearly with increasing gouge angularity for the two loading rates that we studied in detail.
Stick-Slip Instability
[15] Gouge layers composed of smooth, monodisperse particles exhibit repetitive, stick-slip failure. Figure 7 shows a typical section of data from an experiment with dynamic instability (see also Figures 3 and 4) . Consistent with the results of Figure 6c , the peak failure strength is comparable at all loading rates; however, the magnitude and frequency of the stick-slip instabilities vary systematically with loading velocity. As the loading velocity is increased from 10 to 100 mm/s, stick-slip instability becomes more frequent and the stress drop decreases (Figure 7) . Figure 7b emphasizes the shape of each stick slip, which is characterized by a period of linear elastic loading followed by inelastic creep (which we refer to as preseismic slip) and a sudden drop in stress. The stress drop occurs within <1 ms and is accompanied by a loud, audible signal. Figure 8 plots slip across the gouge layer, corrected for elastic distortion of the testing machine, as a function of time for the same section of data in Figure 7 . The elastic correction removes deformation of the biaxial testing apparatus and forcing blocks. During repetitive stick slip the average slip rate matches the imposed driving velocity (Figure 8) . We compare the slip during dynamic instabilities (coseismic slip) with the amount of preseismic slip (inelastic creep) prior to failure as illustrated in Figure 8b . Preseismic slip is negligible for about the first third of the stick-slip recurrence interval and then accelerates as stress approaches the failure strength. For smooth glass beads, preseismic slip is approximately equal in magnitude to coseismic slip during a given stickslip recurrence interval. [16] We compare the magnitude of the dynamic stress drop (Dt), the amount of preseismic slip (D u ), the time between slip events (t r ), and layer compaction during failure (Dh) as a function of loading velocity, gouge layer thickness, and particle size distribution. Stress drop, preseismic slip, and recurrence interval decrease logarithmically with increasing loading velocity (Figures 9 and 10 ). Figure 9 shows stress drop, recurrence interval, and preseismic slip as a function of loading velocity for three experiments with a range of initial gouge layer thicknesses. At a given loading velocity, stress drop decreases while preinstability creep increases with increasing thickness (Figure 9 ). Thicker layers exhibit larger preseismic slip than thinner layers for a given velocity. Our data show that preseismic slip is larger than dynamic slip, particularly for thicker gouge layers. The ratio of preseismic slip to dynamic slip ranges from 3 to 6 for the 8-mm-thick layers and 1 to 3 for the 2-mm-thick layers. For each layer thickness the normalized preseismic slip is larger for lower sliding velocities.
[17] We show the logarithm of recurrence interval versus the logarithm of loading velocity (Figure 9b inset) along with the residual formed by removing a trend of the form log(t r ) = m log(v), where m is À1.0. The plot of residual recurrence interval shows that thicker layers have longer stick-slip recurrence intervals (Figure 9b ). Figure 10 shows data for four experiments where the grain size range is varied while the gouge thickness is constant at 3 mm. In general, stress drop is smaller for smaller particles ( Figure 10a) ; however, the data indicate some scatter for intermediate size ranges. Gouge layers composed of smaller particles also show shorter recurrence intervals and smaller preseismic slip (Figure 10 ) within the scatter. For these data the ratio of preseismic slip to dynamic slip ranges from 0.75 to 2.25 for the smallest particles and from 0.25 to 0.75 for the largest particles. For each particle size the normalized preseismic slip is larger for lower sliding velocities in accord with the data of Figure 9 .
[18] We compare the amount of compaction during dynamic stress drop for a range of loading velocities. Figure 11 shows the relationship between shear stress and layer thickness as a function of displacement during stick-slip failure. The initial gouge layer was just over 3 mm thick and geometrically thinned as the layer was sheared. Figure 11b provides detail of the dynamic compaction and interseismic dilation. The layer compacts with each successive stress drop, and dilation between stick-slip events is smaller in magnitude, resulting in net layer thinning with shear displacement. Dynamic compaction is larger for thicker layers (Figure 12 ) and decreases logarithmically with increasing loading velocity. Figure 12a shows layer compaction as a function of loading velocity for three gouge layer thicknesses. Figure 12b shows dynamic compaction for 3-mm-thick layers composed of varying grain sizes. The data show no apparent relationship between grain size and dynamic compaction.
Discussion

Frictional Strength
[19] We observe systematic changes in the frictional strength and stability of granular fault gouge as a function of grain angularity, loading velocity, particle size, layer thickness, and bounding surface roughness. Our laboratory observations can be interpreted in terms of grain-scale deformation mechanisms and mechanics of shearing in fault gouge. Particle size, shape, and roughness affect the way that grains accommodate strain. Figure 13 is a schematic diagram that illustrates our interpretation of the main granular deformation mechanisms. We focus on factors that influence contact mechanics for individual particle-particle contact junctions and the processes that lead to manyparticle interactions, which give rise to the unique properties of granular materials including force chains and jamming. Our interpretations are based solely on the above macroscopic measurements, which do not include direct observations of force chains or particle contact mechanics.
Surface Roughness
[20] Figures 13a and 13b illustrate spherical glass beads and angular particles slipping along smooth bounding walls, respectively. We hypothesize that this case results in predominantly grain boundary sliding at or near the bounding surface and that rolling is minimal. Jensen et al.
[1999] used the discrete element method (DEM) to numerically model particulate media sheared between roughened and smooth boundaries. They found that if a shearing surface is sufficiently smooth, the shear strength is reduced to a simple frictional sliding problem between the particle mass and the smooth surface. In a related study, Morgan [1999] showed that the abundance of rolling particles is small during localized slip. Apparently, grains along the boundary slide and rotate while grains deep within the gouge layer behave as spectator grains that experience negligible slip [e.g., Losert et al., 2000] .
[21] Our data show that friction is significantly lower in the smooth boundary condition case compared to shear between rough forcing blocks and that particle roughness has a significant effect on frictional strength for a given bounding roughness. Gouge layers composed of spherical glass beads exhibit lower friction than those that contain angular particles (Figure 4 ). This is consistent with a lack of geometric incompatibility and associated granular jamming, as smooth particles move past one another via grain boundary sliding and rotation with little resistance. Angular particles cannot readily slide past one another and become locked as rotation is inhibited by roughness of neighboring particles, resulting in higher frictional strength (e.g., Figures 3 and 4) . This would suggest that deformation initiates along the layer boundaries and penetrates into the shear zone, resulting in modest dilation.
[22] Our data show the degree to which friction of rough surfaces is greater than that of smooth surfaces, consistent with previous work [Biegel et al., 1989; Jensen et al., 1999] . Figures 13c and 13d are schematic illustrations of spherical and angular gouge material, respectively, sheared between rough surfaces. These data suggest that as the shearing surface roughness increases, the layer of maximum average particle rotation moves farther from the shearing surface [Jensen et al., 1999] . In our experiments the grooved surfaces capture a layer of grains and allow slip to localize along shear bands adjacent to this layer. As slip becomes more localized with increasing displacement (partly due to geometric thinning), velocity weakening frictional behavior is observed, whereas smooth surfaces exhibit velocity weakening almost from the onset of the experiment [Marone et al., 1992; Sammis and Steacy, 1994; Beeler et al., 1996] . Additionally, as shear stress increases, particles self-organize to form force chains that carry the shear traction [e.g., Sammis et al., 1986; Geng et al., 2003] . Force is carried by a complex series of anastamosing chains of differing size and extent [e.g., Liu et al., 1995] . For the purposes of this study we focus on the major chains and generalize their distribution throughout the assemblage.
Grain Angularity
[23] Our data indicate that the coefficient of friction is significantly higher for rough, angular particles compared with smooth particles and that for mixtures of both particles, there is a systematic increase in frictional strength as a function of angular grain fraction. Numerous studies in granular mechanics support these observations [Jensen et al., 1999; Mueth et al., 2000; Albert et al., 2001; Geminard and Losert, 2002; Mair et al., 2002; Nouguier-Lehon et al., 2003; Guo and Morgan, 2004] . This response can be credited to the roughness and shape of the grains. Smooth, spherical particles accommodate strain primarily by rolling, whereas angular grains do so by dilation. The roughness of angular particles inhibits their ability to roll and increases the bulk frictional resistance as neighboring particles, and larger groups, jam and become locked. As interparticle resistance increases, particle sliding decreases and grain rotation increases [Morgan and Boettcher, 1999; Morgan, 1999] . DEM simulations show that spherical particle rotation is nearly twice that of an angular cluster of grains [Jensen et al., 1999] and that the smallest particles accommodate the greatest rotations [Morgan and Boettcher, 1999; Morgan, 1999] . Mueth et al. [2000] find a greatly reduced Figure 11a where the loading velocity is 10 mm/s. We measure the compaction of the gouge during the slip event. interparticle slip rate when smooth particles are replaced by roughened ones. The enhanced strength of the angular assemblage results from decreased rolling and increased sliding and particle jostling, which causes enhanced dilation and an increase in friction [Morgan, 1999; Jensen et al., 1999; Mair et al., 2002] .
[24] We observe stick-slip instability when a gouge layer composed of >70% spherical particles is sheared between roughened forcing blocks (e.g., Figure 5 ). Stick-slip behavior in sheared layers of spherical particles has been observed by several workers [Losert et al., 1999 [Losert et al., , 2000 Albert et al., 2001; Geminard and Losert, 2002] , but Mair et al. [2002] found that gouge layers composed of a wide particle size distribution (1 -800 mm) slid stably. Mair et al. [2002] found that the particle size distribution did not influence the maximum frictional strength but that it had a significant effect on the stability of the system. On the other hand, Biegel et al. [1989] found that frictional strength decreased with an increase in the size of the largest particle within power law distributed assemblages. Our work focused on monodisperse particles, and we observed stick-slip behavior in all cases where layers of spherical particles were sheared between rough surfaces (e.g., Figure 10 ). Our data indicate significant effects of grain size and layer thickness on the characteristics of dynamic, stick-slip events.
Stick-Slip Instability and Force Chains
[25] When a granular medium is loaded and sheared, jamming occurs when forces are localized along directional force chains [e.g., Sammis et al., 1986; Liu et al., 1995; Cates et al., 1998; Aharonov and Sparks, 1999; Morgan and Boettcher, 1999; Albert et al., 2001] . Morgan and Boettcher [1999] and Geng et al. [2003] observed that particles form force chains that are inclined about 45°to the shear zone walls (parallel to the direction of s 1 ). Figure 14 is a schematic illustration of a gouge layer of glass beads sheared between rough boundaries. It is important to note that we do not observe the force chains but infer how they deform on the basis of the macroscopic frictional response. We posit that a layer of grains along the bounding wall (light grey) acts together with a bridge of grains that constitute a force chain (dark grey) and spectator grains (white) that carry little to no load ( Figure 14) . During shear loading, force chains bear the load and begin to deform via stable creep (e.g., see preseismic slip in Figures 7 and 8 ) with lesser motion in unloaded regions of the assemblage (spectator grains). With continued shear, force chains become misaligned and buckle, in some cases catastrophically, causing the load to shift to more favorably oriented contacts. We suggest that force chains are relatively uniform in intensity and widely spaced in layers of monodisperse particles and that failure of one or two chains initiates slip localization, which propagates and precipitates a cascade of chain failures, resulting in dynamic, stick-slip instability of the entire layer (e.g., Figures 7 and 14) .
[26] Since our experiments are performed at a normal stress below the particle fracture strength and the shearing Stress is concentrated along a series of force chains. As shear continues, the chains deform and eventually fail, resulting in a seismic slip event. Stick-slip instability is a result of the continuous building and breaking of the force chains.
surfaces are rough, we expect that slip between grains within the force chains is the most likely cause of chain failure. When a series of chains break, particles immediately reorganize to form a new set of chains that support the load. Our data indicate that grain bridges evolve subtly but continuously during shear, resulting in either stable deformation (in the case of angular particles) or repetitive stickslip behavior (when gouge material contains <30% angular grains).
[27] Our experiments suggest that force chains exhibit qualitative differences as a function of grain angularity, and we propose the following speculative model. Force chains are expected to be three-dimensional, planar bodies in a sheared granular layer, and we take chain width as the minimum dimension of the body. We posit that force chains within angular gouge are wider and more densely spaced than chains in an equivalent layer composed of smooth particles (Figures 13c and 13d) . Wider chains, composed of an interlocking set of particles (e.g., Figure 13d ), would be less susceptible to catastrophic collapse than chains defined by a single set of point-to-point contacts, as suggested in Figures 13d and 13c . Moreover, more densely spaced chains would be accompanied by narrower, and thus effectively stiffer, regions of spectator grains, which would help to stabilize force chains by inhibiting buckling and misalignment.
Grain Size and Layer Thickness
[28] For rough-walled shear zones our data show that frictional strength increases as the shear zone thins and that stick-slip characteristics vary systematically with gouge layer thickness. Figure 15 shows data from identical experiments performed on three layer thicknesses. In each case the layers deform by repetitive stick-slip failure. The maximum friction is greater for the thinnest layer (Figure 15a ). In addition, the magnitude of dynamic stress drop, the amount of preseismic slip, and the interevent time vary with gouge layer thickness (Figure 15 ). When plotted versus shear strain, the strain increment between stick-slip events is 0.019, 0.013, and 0.007 for layer thicknesses of 2, 5, and 8 mm loaded at 10 mm/s, respectively. We compare the shape and frequency of the stick-slip events and find that with increasing layer thickness, preseismic slip increases, Figure 15 . Shear stress and layer thickness as a function of displacement for a section of data where the loading velocity is 3 mm/s. Here s n = 5 MPa. We compare the frequency and shape of the stick-slip events. Data from experiment with (a) 2-mm initial gouge layer thickness, (b) 5-mm initial gouge layer thickness, and (c) 8-mm initial gouge layer thickness. Figure 16 . Stress drop, preseismic slip, and preseismic strain as a function of the number of grains across the layer (layer thickness divided by the median grain size). (a) Stress drop decreasing as the number of grains across the layer increases (i.e., thicker gouge layer). Stress drop is velocitydependent, which is also seen in Figures 9a and 10a. (b) Preseismic slip, which is greater in a thicker gouge layer. Preseismic slip is dependent on velocity (also seen in Figures 9c and 10c) . (c) Preseismic strain decreasing as the number of grains across the layer increases. Preseismic strain is dependent on velocity.
preseismic strain decreases, stick-slip frequency decreases, and stress drop magnitude decreases (Figure 16 ).
[29] The layer thickness and grain size effects imply that frictional behavior depends on the number of grains across the layer, or the number of grains within a given force chain. Shorter chains can support greater stress, which is consistent with a ''weakest link'' model, because they encompass a smaller number of potential failure points. If we look at stick-slip characteristics as a function of the number of grains across the layer, it is clear that stress drop decreases, preseismic slip increases, and preseismic strain decreases as the potential length of a force chain increases (Figure 16 ). These data also show a significant effect of loading velocity, with larger stress drop and larger preseismic slip at lower velocity ( Figure 16 ).
[30] We suggest that differences in stick-slip characteristics are due to differences in brittleness of the force chains. Shorter chains can support greater load and are less brittle, as indicated by reduced preseismic strain (Figure 16 ). The stick-slip recurrence interval is smaller for shorter chains (Figure 15 ) even though the dynamic stress drop varies inversely with chain length. This is consistent with the fact that for a given stick-slip cycle, preseismic slip exceeds dynamic slip (Figure 17) . The correlation between stress drop and preseismic slip is confirmed by the data shown in Figure 17 .
[31] Figure 18 illustrates our model for the effect of layer thickness and chain length on the degree of brittleness. Shorter force chains can support larger average stress (e.g., Figure 15 ) and are less brittle than longer force chains. Dynamic layer compaction also scales with force chain length and compliance. Thicker layers or longer force chains are more compliant, which results in more preseismic slip and less dynamic stress drop (Figure 18b ).
[32] Morgan and Boettcher [1999] also observed shear zone contraction when grain bridges failed and shear localized in their DEM simulations. Compaction is accompanied by grain arrangement into closer packing configurations. Lowering the density in a granular assemblage helps to create ''fluidized regions'' within which particles can move more readily [Losert et al., 2000] . Granular assemblages compact or expand in order to attain a ''critical density'' under a wide range of normal stresses [Aharonov and Sparks, 1999] . At low normal stresses (5 and 10 MPa), thicker layers have more pore space to fill as the chains collapse; thus more compaction occurs.
Loading Velocity
[33] Our results indicate a significant loading rate dependence of stick-slip instability. Stress drop, recurrence interval, preseismic slip, dynamic slip, and compaction during failure all decrease with increasing loading velocity. Force chains build and break more rapidly at increased shear rates; thus the time between slip events decreases. Our results are consistent with previous work that shows that dynamic stress drop varies with loading velocity, normal stress, recurrence interval, and effective stiffness [Karner and Marone, 2000] .
[34] Our data can be explained by a model in which interparticle contact junctions strengthen with contact time. That is, at lower loading rates, time-dependent healing between grain contacts leads to increased layer strength and increased stress drop. Particle contacts strengthen with time because of chemically assisted healing mechanisms, which increase bond strength [e.g., Frye and Marone, Figure 17 . Stress drop as a function of preseismic slip for a series of experiments with a different initial gouge layer thickness. There is an increasing trend between preseismic slip and stress drop due to velocity dependence. The slope of the trend is greater for thinner gouge layers. 2002b]. At higher loading rates, stick-slip recurrence interval is shorter, resulting in lesser preseismic slip (e.g., Figure 16 ).
Conclusions
[35] We have shown that particle characteristics (such as size, shape, and roughness) and surface roughness have a profound effect on frictional strength, stability, and particle reorganization within granular shear zones. We find that particle angularity and surface roughness increase the frictional strength and distribution of stress within sheared layers. Our data indicate that particles self-organize to form force chains, which carry the shear traction across a gouge layer, and that force chains exhibit qualitative differences as a function of grain angularity and bounding surface roughness. For gouge layers sheared between rough surfaces the transition from unstable, stick-slip sliding to stable sliding occurs when the gouge material is composed of <30% angular grains.
[36] For unstable sliding regimes we find that stress drop, recurrence interval, preseismic slip, and dynamic slip decrease as force chains build and break more rapidly at increased loading rates. We also observe systematic differences due to grain size and gouge layer thickness. Interseismic stable creep exceeds dynamic slip for thick gouge layers or for gouge that is composed of relatively small particles (compared to the thickness of the layer). This implies that the strength of the force chain is dependent on the number of grains across the layer or the number of grains within a given force chain.
